Chikungunya virus (CHIKV) (genus Alphavirus) has a positive-sense RNA genome. CHIKV nonstructural protein 2 (nsP2) proteolytically processes the viral nonstructural polyprotein, possesses nucleoside triphosphatase (NTPase), RNA triphosphatase, and RNA helicase activities, and induces cytopathic effects in vertebrate cells. Although alphaviral nsP2 mutations can result in a noncytotoxic phenotype, the effects of such mutations on nsP2 enzymatic activities are not well understood. In this study, we introduced a P718G (PG) mutation and selected for additional mutations in CHIKV nsP2 that resulted in a CHIKV replicon with a noncytotoxic phenotype in BHK-21 cells. Combinations of PG and either an E116K (EK) substitution or a GEEGS sequence insertion after residue T648 (5A) markedly reduced RNA synthesis; however, neither PG nor 5A prevented nsP2 nuclear translocation. Introducing PG into recombinant nsP2 inhibited proteolytic cleavage of nsP1/nsP2 and nsP3/nsP4 sites, reduced GTPase and RNA helicase activities, and abolished RNA stimulation of GTPase activity. 5A and EK modulated the effects of PG. However, only the RNA helicase activity of nsP2 was reduced by both of these mutations, suggesting that defects in this activity may be linked to a noncytotoxic phenotype. These results increase our understanding of the molecular basis for the cytotoxicity that accompanies alphaviral replication. Furthermore, adaptation of the CHIKV replicon containing both 5A and PG allowed the selection of a CHIKV replicon with adaptive mutations in nsP1 and nsP3 that enable persistence in human cell line. Such cell lines represent valuable experimental systems for discovering host factors and for screening inhibitors of CHIKV replication at lower biosafety levels.
C hikungunya virus (CHIKV) is a mosquito-transmitted Old
World alphavirus belonging to the Togaviridae family. CHIKV infection is characterized by acute illness associated with fever, skin rash, and arthralgia. Symptoms typically resolve within weeks, but frequently CHIKV infection can result in chronic joint pain. Three different genotypes of CHIKV have been identified: the West African (WA), Asian, and East/Central/South African (ECSA) genotypes (1) . The recent massive outbreak in the Indian Ocean region was caused by CHIKV of the ECSA genotype (2) . In contrast, the ongoing outbreak in the Americas is being caused by CHIKV of the Asian genotype (3) . No vaccines or antivirals are currently available for the prevention or treatment of CHIKV infection. Treatment is directed primarily toward relieving symptoms, especially joint pain (4, 5) .
CHIKV has an approximately 12-kb positive-sense RNA genome that encodes four nonstructural proteins (nsP1 to -4); in addition, five structural proteins are expressed from subgenomic (SG) RNA synthesized in infected cells. The nonstructural proteins are the essential components of the viral replicase and transcriptase complex (6) . They are initially synthesized in the form of a large nonstructural polyprotein (P1234) or two nonstructural polyproteins (P1234 and P123). These precursor molecules are subsequently cleaved in a highly regulated manner by the protease activity of nsP2 (7) (8) (9) (10) . nsP1 possesses membrane-binding prop-NotI digestion. RNA was synthesized from these cDNAs in vitro using the mMESSAGE mMACHINE SP6 transcription kit (Ambion). BHK-21 cells (8 ϫ 10 6 ) or Huh7 cells (3 ϫ 10 6 ) were transfected with RNA by electroporation with a Bio-Rad Gene Pulser II unit, as follows. BHK-21 cells were resuspended in phosphate-buffered saline (PBS) and electroporated with two pulses at 850 V and 25 F; Huh7 cells were resuspended in a mixture of cytomix (120 mM KCl, 0.15 mM CaCl 2 , 10 mM K 2 HPO 4 /KH 2 PO 4 , 25 mM HEPES [pH 7.6], 2 mM EGTA [pH 7.6], and 5 mM MgC1 2 ), 2 mM ATP, and 1.25% dimethyl sulfoxide (DMSO) and electroporated at 270 V and 950 F with one pulse. All electroporations were performed in 4-mm cuvettes (Thermo Fisher Scientific). Expression plasmids encoding Ubi-nsP2 and Ubi-nsP2-5A-PG were used to transfect BHK-21 cells using Lipofectamine 2000 (Life Technologies) according to the manufacturer's protocol.
Virological methods. The titers of collected virus stocks were determined using standard plaque assays. For infectious-center assays (ICAs), 8 ϫ 10 6 BHK-21 cells were electroporated with 1 g of in vitro-synthesized RNA. Tenfold dilutions of transfected cells were seeded onto 6-well tissue culture plates containing 1.5 ϫ 10 6 BHK-21 cells per well. After 2 h of incubation at 37°C, the cell culture medium was aspirated, and the cells were overlaid with 2 ml of GMEM supplemented with 2% fetal calf serum (FCS) containing 0.8% carboxymethyl cellulose (Sigma Life Science). Plaques were stained with crystal violet after 2 to 3 days of incubation at 37°C.
Cell survival assay. The survival of transfected cells containing different CHIKV replicons was measured using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) method (40) . Briefly, 50 g of in vitro-synthesized CHIKV replicon RNAs were electroporated into 8 ϫ 10 6 BHK-21 cells or 3 ϫ 10 6 Huh7 cells, which were then seeded into 96-well plates at a density of 5 ϫ 10 4 or 1.4 ϫ 10 4 cells/well, respectively. Puromycin at a final concentration of 5 g/ml was added to the cells 24 h after electroporation. At the appropriate time points, MTT reagent at a final concentration of 0.5 mg/ml was added to the wells, and plates were incubated at 37°C in a 5% CO 2 incubator for 2 h. Subsequently, the supernatant was removed, 100 l of DMSO was added per well, and the plates were gently shaken for 15 min. The optical densities were measured at 540 nm using a microplate reader (Sunrise Tecan).
Immunoblot analysis. BHK-21 cells (8 ϫ 10 6 ) were transfected with 50 g of in vitro-synthesized CHIKV replicon RNAs. At 16 h posttransfection (p.t.), cells were lysed using SDS gel-loading buffer (100 mM TrisHCl [pH 6.8], 4% SDS, 20% glycerol, 200 mM dithiothreitol [DTT] , and 0.2% bromophenol blue). Lysates corresponding to 50,000 cells were loaded into each well; proteins were separated by 10% SDS-PAGE, transferred to nitrocellulose membranes, and detected using rabbit polyclonal antiserum against CHIKV nsP2 (generated in-house). The membranes were then incubated with secondary goat anti-rabbit antibodies conjugated to horseradish peroxidase (LabAs Ltd.). Western blots were visualized using an ECL immunoblot detection kit (GE Healthcare).
Northern blot analysis. BHK-21 cells (8 ϫ 10 6 ) or Huh7 cells (3 ϫ 10 6 ) were transfected with 50 g of in vitro-synthesized CHIKV replicon RNAs. At 16 h p.t., total RNA was extracted using TRIzol reagent (Life Technologies) according to the manufacturer's instructions. Equal amounts of total RNA (5 g) were denatured for 10 min at 70°C in 2-fold RNA loading dye (Thermo Scientific), cooled on ice, and separated by electrophoresis in 1.4% agarose gels supplemented with 0.2 M formaldehyde. RNA was transferred to a Hybond-Nϩ filter (GE Healthcare) and fixed using a UV Stratalinker 1800 (Stratagene). A digoxigenin (DIG)-labeled RNA detection probe complementary to the 3= untranslated region (UTR) of the CHIKV genome was generated using a DIG hybridization kit (Roche). Filters were hybridized overnight; blots were washed and developed according to the manufacturer's protocols (Northern blot with DIG, Roche).
Extraction of nuclear and cytoplasmic fractions. BHK-21 cells were infected with CHIKV and its mutant variants at a multiplicity of infection (MOI) of 5 PFU/cell. Cells were washed and collected at 4, 8, and 12 h postinfection (p.i.). Nuclear and cytoplasmic fractions were prepared from the cells using NE-PER nuclear and cytoplasmic extraction reagent according to the manufacturer's (Thermo Scientific) protocols. A total of 5% of each fraction was loaded per well, and proteins were separated by SDS-PAGE and analyzed by Western blotting as described above. ␣-Tubulin was detected using an anti-␣-tubulin mouse monoclonal antibody (Santa Cruz Biotechnology).
Immunofluorescence microscopy. BHK-21 cells were grown on glass coverslips and infected with wt CHIKV or CHIKV-5A-PG at an MOI of 5 PFU/cell in serum-free medium; mock-infected cells were used as controls. At 12 h p.i., cells were washed with PBS, fixed with 4% paraformaldehyde, quenched with 50 mM NH 4 Cl, and permeabilized with 0.1% Triton X-100 for 2 min at room temperature. Cells were washed with PBS, blocked with 5% FBS in PBS, and stained for 1 h with rabbit anti-nsP2 antibodies. Anti-rabbit Alexa-568-conjugated goat antibodies (Life Technologies) were used as secondary antibodies. SlowFade Gold reagent with 4=,6=-diamidino-2-phenylindole (DAPI) (Life Technologies) was used to counterstain nuclei. Immunofluorescence images were obtained and analyzed using an LSM710 confocal microscope (Zeiss).
In vitro transcription/translation and immunoprecipitation. In vitro transcription and translation were carried out using the TNT-coupled SP6 rabbit reticulocyte lysate system (Promega) according to the manufacturer's protocol. Reaction mixtures (25 l -40) , and incubated for 1 h at 4°C with rabbit polyclonal antiserum against CHIKV nsP2. Immunocomplexes were precipitated with protein A-Sepharose CL-4B (SigmaAldrich) overnight at 4°C and then washed four times with NET buffer containing 400 mM NaCl. The precipitated proteins were denatured by heating in SDS gel-loading buffer, separated by SDS-PAGE, and visualized using a Typhoon imager (GE Healthcare). Metabolic labeling. Pulse-chase labeling of infected BHK-21 cells was carried out as described previously (8) . Briefly, BHK-21 cells were infected with wt CHIKV, CHIKV-5A, CHIKV-PG, CHIKV-5A-PG, or CHIKV-FL-5A-PG-IL at an MOI of 20 PFU/cell. At 3 h p.i. the cells were starved in methionine-cysteine-free DMEM (Life Technologies) for 30 min and then labeled with 50 Ci of [
35 S]methionine-cysteine mixture (PerkinElmer) for 15 min (pulse). In the chase samples, the pulse was followed by a chase for 15 or 60 min in medium containing an excess of unlabeled methionine and cysteine. The cells were then lysed by boiling in 1% SDS solution, and proteins in the cell lysates were immunoprecipitated and analyzed by SDS-PAGE as described above.
Expression and purification of recombinant nsP2 and its mutant forms. Recombinant nsP2 and its mutant forms were obtained using a bacterial expression system as described before, with minor modifications (41) . Briefly, the primary structure of the expressed protein is M-(thioredoxin)-GSSSG-LDRAGG2(nsP2); the arrow indicates the peptide bond that is cleaved by nsP2 protease activity. After autoproteolysis, we obtained an nsP2 protein without extra N-terminal amino acid residues, which have been shown to have considerable adverse effects on its functionality (9, 23) . The mutations associated with the noncytotoxic phenotype of CHIKV replicons were introduced into this expression construct using PCR-based site-directed mutagenesis. All recombinant proteins, with the exception of nsP2-PG, were purified using Ni affinity, ion exchange, and size exclusion chromatographies as described previously (23) . For nsP2-PG, the gel filtration step was excluded, due to the low yield of this protein. Concentrations of the purified proteins were measured using the NanoDrop 1000 instrument (Thermo Scientific), taking into account the extinction coefficients and molecular masses of the proteins, which were calculated using the ProtParam software tool (http://web .expasy.org/protparam/). The purities of all the recombinant proteins were verified using 10% SDS-PAGE and Coomassie brilliant blue staining (see Fig. 6A ). All protein preparations were flash-frozen in liquid nitrogen and stored at Ϫ80°C.
CD spectroscopy. Circular dichroism (CD) spectrum measurements for recombinant wt nsP2 and nsP2-5A-PG were carried out at 20°C in the far-UV region (190 to 260 nm) in buffer containing 10 mM KH 2 PO 4 (pH 7.2) and 100 mM NaF with a protein concentration of 1.12 M in a 1-mm quartz cuvette cell (Hellma Analytics) using a Chirascan plus CD spectrometer (Applied Photophysics). Before analysis, samples were centrifuged for 10 min at 13,000 ϫ g at 4°C. The concentrations of soluble proteins were measured immediately before CD spectrum measurements were made. CD spectra were acquired three times. The mean spectrum of the negative control (buffer) was subtracted from the data obtained for proteins using the Prodata viewer software (Applied Photophysics). The average values of three independent acquisitions were expressed as mean residue ellipticities.
Expression and purification of substrates for nsP2 protease. EGFP-10:5-Trx substrates containing short versions of cleavage sites between nsP1/nsP2 (1/2 site), nsP2/nsP3 (2/3 site), and nsP3/nsP4 (3/4 site) were prepared as follows. Sequences encoding 10 amino acid residues from the P side and 5 amino acid residues from the P= side of each cleavage site were placed between sequences encoding Escherichia coli codon usage-adapted superfolder GFP (42) and thioredoxin in a modified pET28a vector. For the 2/3 site, the longer version of the substrate (EGFP-10:170) was also prepared; in this case, the sequence encoding 10 amino acid residues from the P side of the site followed by the first 170 amino acid residues of nsP3 was fused to the sequence encoding EGFP (see Fig. 7A ). Recombinant proteins representing all four substrates were expressed in a bacterial expression system. Induced cell cultures were collected by centrifugation and lysed using an EmulsiFlex-C3 high-pressure homogenizer (Avestin, Germany) in buffer A (50 mM sodium phosphate [pH 7.6], 300 mM NaCl, 1 mM beta-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride [PMSF], 4 g/ml DNase, and 5% glycerol). The lysates were clarified by centrifugation at 48,000 ϫ g; the resulting supernatants were passed through a DE52 anion-exchange resin (Whatman) precharged with 2 M NaCl and equilibrated with buffer A. These filtered supernatants were then loaded onto columns with Talon resin (Clontech Laboratories) preequilibrated with buffer B (50 mM sodium phosphate [pH 7.6], 300 mM NaCl, 1 mM beta-mercaptoethanol, and 5% glycerol), and the columns were washed with 30 column volumes of buffer B containing 5 mM imidazole. Proteins were eluted with buffer B supplemented with 150 mM imidazole in several 0.5-ml volumes. The fractions containing the largest amounts of recombinant protein were combined and desalted using a PD10 column (GE Healthcare) in buffer C (20 mM Tris-HCl [pH 7.5] and 50 mM NaCl). Finally, the proteins were loaded onto a 1-ml Resource Q anion-exchange column (GE Healthcare) with a flow rate of 1 ml/min (AKTA Purifier; GE Healthcare) and eluted with a gradient of buffer C containing 1 M NaCl. The selected fractions were concentrated and loaded onto a Superdex 75 10/300 GL high-resolution gel filtration column (GE Healthcare) at a flow rate of 0.5 ml/min. Obtained proteins were analyzed by 10% SDS-PAGE and Coomassie brilliant blue staining. Protein concentrations were measured as described above; proteins were flash-frozen and stored at Ϫ80°C.
In vitro nsP2 protease activity assay. A protease assay with substrates containing short versions of nsP2 cleavage sites was carried out using 0.7 M recombinant enzyme and 6 M each substrate in assay buffer D (10 mM HEPES [pH 7.2] and 1 mM beta-mercaptoethanol) in a final reaction volume of 8 l. After incubation at 30°C for 60 min, the reactions were terminated by adding equal volumes of 2-fold SDS gel-loading buffer.
After boiling, samples were resolved using 12% SDS-PAGE. In the case of the EGFP-10:170 substrate, the reaction volume was increased to 12 l. Aliquots (5.5 l) of the reaction mixtures were taken at 6 and 60 min; reactions were stopped and reaction products analyzed as described above.
GTPase activity assay. The GTP hydrolysis rate was analyzed using the EnzCheck phosphate assay kit (Life Technologies) according to the manufacturer's protocol. Briefly, the reactions were carried out using 10 l of 20-fold reaction buffer (1 M Tris-HCl [pH 7.5], 20 mM MgCl 2 , and 2 mM NaN 3 ), 40 l of 2-amino-6-mercapto-7-methyl purine riboside substrate, 1 unit of purine nucleoside phosphorylase, and 56 nM recombinant enzyme. The volume was adjusted to 170 l, and mixtures were preincubated at 22°C for 10 min; the reactions were then initiated by the addition of 30 l of 1 mM GTP. Continuous spectrophotometric measurements were carried out using an Ultrospec 7000 spectrophotometer (GE Healthcare). For the GTPase stimulation assay, 1.75 M ribo(U) 18 oligonucleotide was included in the reaction mixture.
RNA helicase assay. The RNA helicase assay was performed as described previously (23) . Briefly, 50 pM of helicase substrate [RNA with a 16-bp duplex region and a 12-base single-stranded 5= poly(A) overhang] and 12.5 nM enzyme were incubated with reaction buffer E (20 mM HEPES [pH 7.2], 10 mM NaCl, and 2 mM DTT) in a final volume of 15 l at 22°C for 15 min. The reaction mixture was then divided into 3 tubes. To the first tube, 3 mM ATP:Mg 2ϩ was added, while equal volumes of water were added to other two. Reactions were terminated after incubation at 30°C for 60 min; one of the tubes that received water was heated at 95°C. RNA products were resolved by native PAGE and analyzed as described previously (23) .
RESULTS

Development of stable BHK-21 CHIKV replicon cell lines.
To adapt CHIKV replicons for noncytotoxic growth in BHK-21 cells, a Pro718-to-Gly substitution in the MTL domain of nsP2 (PG mutation) was introduced into the ChikvRep construct, which carries sequences encoding EGFP followed by foot-and-mouth disease virus 2A autoprotease and puromycin acetyltransferase (Pac) under the control of the SG promoter. An analogous substitution (at Pro726 of nsP2) has been shown to result in a noncytotoxic phenotype in SINV and is a major contributor to the noncytotoxic phenotypes of SFV and WA CHIKV replicons (30) (31) (32) 35) . In contrast, it was found that ChikvRep-PG, based on a virus with an ECSA genotype, was highly cytotoxic (34) . In the MTTbased cell survival assay, a large majority of BHK-21 cells transfected with ChikvRep-PG RNA died within 72 h p.t.; no clear difference was observed with respect to cells transfected with wt ChikvRep RNA (Fig. 1A) . Nevertheless, under prolonged puromycin selection, ChikvRep-PG allowed the formation of puromycin-resistant colonies (34) ; in contrast, if wt replicon RNA was used, such colonies were not obtained in this study or in a previous study (34) . Sequencing of replicon RNA extracted from stable cell lines originating from independent transfection/selection experiments identified two combinations of potential cytotoxicity-reducing mutations in the nsP2 region (Fig. 1A) . The first combination (here referred to as 5A-PG) consisted of the original PG mutation together with an insertion of five amino acid residues (Gly-Glu-Glu-Gly-Ser; 5A mutation) between amino acid residues 647 and 648 of nsP2 (34) . The MTT-based cell survival assay revealed that the 5A mutation alone was not sufficient to confer the noncytotoxic phenotype of ChikvRep. In contrast, ChikvRep-5A-PG clearly lacked cytotoxic properties (Fig. 1A) . The second combination consisted of the PG mutation together with two new point mutations in nsP2. The first of these point mutations, Glu116 to Lys (EK mutation), was identified in the N-terminal domain of nsP2, while the second change, Gly620 to Glu (GE mutation), was located in the beginning of the MTL domain (Fig.  1A) . ChikvRep-EK-GE and ChikvRep-EK, as well as ChikvRep-GE-PG and ChikvRep-PG, were cytotoxic. In contrast, combination of EK and PG mutations or the EK, GE, and PG mutations resulted in similar reductions in cytotoxicity ( Fig. 1A ; Table 1 ), and cells transfected with ChikvRep-EK-PG or ChikvRep-EK-GE-PG were dividing at 72 h p.t. Thus, the major contribution to the noncytotoxic phenotype of these replicons clearly originated from the combination of the EK and PG mutations. This finding was unexpected, because up to this point, all mutations associated with the noncytotoxic phenotype of CHIKV replicons have been mapped to the MTL domain (34, 35) . However, as was observed with the cell lines obtained as result of puromycin selection, cells containing ChikvRep-EK-GE-PG (or ChikvRep-EK-PG) exhibited much slower growth than cells containing ChikvRep-5A-PG. Consistent with these results, fluorescence of marker protein was also much stronger in cells containing ChikvRep-5A-PG (data not shown).
Development of stable human-origin cell lines carrying the CHIKV replicon. The BHK-21 cell line containing the ChikvRepRluc-5A-PG replicon (termed CHIKV-NCT in a previous study) proved to be a useful tool for screening inhibitors of CHIKV replication (34) . However, BHK-21 cells are not suitable for screening host factors using human small interfering RNA (siRNA) libraries or for detecting antiviral effects of compounds targeting such host factors. In contrast, Huh7 cells have been successfully used for the development of hepatitis C virus replicon cell lines that have been used to screen antiviral compounds and identify host factors essential for viral replication (43) . Therefore, we investigated whether selected combinations of mutations exerted the same effects in human cell lines as in BHK-21 cells. For this, HeLa (ATCC) and Huh7 cells, which, similarly to BHK-21 cells, are unable to produce type-I interferon, were used. Cells transfected with ChikvRep-EK-GE-PG RNA died after puromycin addition at a rate similar to that observed for mock-transfected cells (data not shown). Under the same conditions, HeLa and Huh7 cells transfected with ChikvRep-5A-PG survived for several days; however, starting in the second week p.t., a gradual reduction in the number of viable cells occurred, and antibiotic-resistant colonies were not formed.
Interestingly, puromycin-resistant colonies were obtained only for ChikvRepRluc-5A-PG RNA-transfected Huh7 cells and not for Huh7 or HeLa cells transfected with any other replicon (including ChikvRep-5A-PG) RNA. Sequence analysis revealed two additional point mutations in the adapted ChikvRepRluc-5A-PG RNA. The first change was located in the C-terminal half of nsP1 (Phe391 to Leu, designated FL). The second mutation was located in nsP3 (Ile175 to Leu, IL mutation). Cell survival assays revealed that in the absence of the PG and 5A mutations, neither the FL mutation alone, the IL mutation alone, nor the combination of these mutations was able to reduce the cytotoxicity of ChikvRepRluc RNA ( Table 1 ). Although no difference between the survival of cells containing any of these three replicons and the survival of cells transfected with the parental ChikvRepRluc-5A-PG were observed during the first 72 h p.t., only Huh7 cells transfected with ChikvRepRluc-FL-5A-PG, ChikvRepRluc-5A-PG-IL, or ChikvRepRluc-FL-5A-PG-IL formed stable replicon cell lines. Furthermore, cell lines containing ChikvRepRluc-FL-5A-PG or ChikvRepRluc-5A-PG-IL exhibited slower growth than cells containing ChikvRepRluc-FL-5A-PG-IL (data not shown).
The Huh7 cell line containing ChikvRepRluc-FL-5A-PG-IL exhibited rapid growth and high levels of expression of ZsGreen and Rluc. Head-to-head comparison with BHK-21 cells containing the ChikvRepRluc-5A-PG replicon revealed that under puromycin selection, both cell lines maintained similarly high levels of marker expression (data not shown). The same result was observed for Huh7 cells with the ChikvRepRluc-FL-5A-PG-IL replicon in the absence of puromycin selection: even after 10 passages, all cells expressed ZsGreen, with no decrease in Rluc activity. In contrast, in the absence of puromycin, cells lacking ZsGreen fluorescence rapidly appeared in the culture of BHK-21 cells harboring ChikvRepRluc-5A-PG; after 10 passages, ZsGreen expression was maintained in fewer than 20% of BHK-21 cells, and Rluc activity was markedly (nearly 100-fold) decreased (data not shown). Thus, the Huh7 cell line harboring the ChikvRepRluc-FL-5A-PG-IL replicon has the potential to be a convenient and safe tool for studies investigating host factors or inhibitors of CHIKV replication.
Analysis of viral RNA and nsP2 synthesis in cells transfected with CHIKV replicon RNAs. nsP2 mutations associated with a noncytotoxic phenotype are known to severely reduce the synthesis of alphavirus positive-strand RNAs (30) (31) (32) 35 ) and, to a lesser extent, also synthesis of nonstructural proteins (31, 44) . To determine to what extent mutations identified in this study alter positive-strand RNA and nonstructural protein levels, BHK-21 and Huh7 cells were transfected with in vitro-synthesized RNAs based on ChikvRep and ChikvRepRluc, respectively, and the levels of positive-strand RNAs and nsP2 proteins in transfected cells were analyzed at 16 h p.t.
Consistent with its high cytotoxicity, transfection with ChikvRep-PG RNA resulted in the production of almost wt levels of positive-strand RNA in BHK-21 cells (Fig. 2A) . Relatively minor reductions in the levels of these RNAs in ChikvRepRluc-PGtransfected Huh7 cells (Fig. 2B) are consistent with increased survival of such cells in the previous experiment (Fig. 1B) . These findings are in clear contrast to findings made using SINV (30, 44) and SFV (31) replicons. Even more strikingly, a mutation at the same position (Pro718 to Ser) in the replicon based on the WA genotype (37997 strain) of CHIKV also caused a severe reduction in positive-strand RNA synthesis (35) . Consistent with findings from the cell survival assay (Fig. 1A) , the GE mutation did not have a negative effect on the synthesis of positive-strand RNA in cells transfected with the ChikvRep-GE replicon, and this mutation had only a relatively minor effect in combination with the PG mutation as well (compare ChikvRep-PG with ChikvRep-GE-PG in Fig. 2A) . In contrast to ChikvRep-PG (and ChikvRepRluc-PG), the ChikvRep-5A and ChikvRepRluc-5A replicons displayed considerably reduced levels of RNA synthesis ( Fig. 2A and B ; Table 1 ). The effect of the 5A mutation on nsP2 protein levels was less prominent (Fig. 2C and D) . As expected, the combination of the 5A and PG mutations resulted in a severe reduction in positivestrand RNA levels ( Fig. 2A and B) and a clear reduction in nsP2 The amount of reaction product produced by nsP2 at 60 min was taken as 100. b The activity of wt nsP2 at 0 min (pulse), estimated by the ratio of label incorporated into nsP2 to the label incorporated into P1234, was taken as 100. c The activity of wt nsP2 was taken as 100. Results are means Ϯ standard deviations. d NA, not analyzed. levels ( Fig. 2C and D ; Table 1 ). The effect of the EK mutation was even more prominent, as neither the corresponding positivestrand RNA nor nsP2 could be detected ( Fig. 2A and C) . These products became detectable only when the membranes were strongly overexposed (data not shown). This finding correlates with the observation that BHK-21 cells containing ChikvRep-5A-PG expressed ZsGreen at a level similar to that in cells transfected with the wt replicon, whereas ZsGreen expression in cells containing the ChikvRep-EK-PG replicon was much lower (data not shown). Thus, the extremely low levels of replicon RNA in Huh7 cells transfected with ChikvRep-EK-PG were most likely not sufficient to provide Pac expression at levels necessary for protection against puromycin. The same may also be true for ChikvRepRluc-5A-PG, as the defects in RNA and viral protein synthesis caused by the 5A-PG mutations were clearly more prominent in Huh7 cells (compare Fig. 2A with B and Fig. 2C with D) .
The introduction of the FL, IL, or FL-IL mutation into ChikvRepRluc resulted in slightly increased levels of nsP2 and SG RNAs ( Fig. 2B and D ; Table 1 ). Introduction of these mutations into ChikvRepRluc-5A, ChikvRepRluc-PG, and, importantly, ChikvRepRluc-5A-PG also resulted in a clear increase in nsP2 levels; the effect was largest for the FL-IL combination (Fig. 2D) . Consistent with these findings, levels of SG RNAs produced by these replicons (Fig. 2B) were similarly increased. Due to their very low level of expression, it was impossible to confirm whether this was also the case for genomic RNAs. Thus, the contributions of the FL and IL mutations to the noncytotoxic phenotype of the CHIKV replicon are different from those of the PG, 5A, and EK mutations. The FL and IL mutations act in an additive manner and boost SG RNA (and possibly also genomic RNA) synthesis in Huh7 cells, which in turn allows synthesis of Pac at levels sufficient to provide resistance to puromycin.
Effects of the identified mutations on the infectivity of viral genomes.
The effects of FL and IL mutations on the replication of CHIKV replicon RNA in Huh7 cells did not depend on the presence of Rluc in the nsP3 region (data not shown). Therefore, to analyze the effects of the identified mutations in the context of a complete CHIKV genome, all changes were introduced into an icDNA clone of CHIKV LR2006 OPY1 which lacks the Rluc reporter (34) . As no established ICA protocol was available for Huh7 cells, the infectivity of in vitro-synthesized RNA transcripts was analyzed in BHK-21 cells. This assay revealed that all RNAs that contained the EK mutation had very low infectivity ( Fig. 3 ; Table 1 ). Furthermore, the EK mutation always reverted in the genomes of rescued viruses. Consistently, rescued (revertant) viruses were cytotoxic, but due to the very small numbers of initially infected cells, cytopathic effect (CPE) was observed only at 48 h p.t. These findings are highly consistent with other properties associated with the EK mutation ( Table 1 ), confirming that the EK mutation causes severe defects in RNA replication. The low level of RNA replication was sufficient for noncytotoxic growth of the corresponding replicon in BHK-21 (but not in HeLa or Huh7) cells; in contrast, it was not acceptable in the context of infectious virus. On their own, the GE, FL, IL, and FL-IL mutations had virtually no effect on the infectivity of in vitro-synthesized RNAs. The corresponding viruses were highly cytotoxic (CPE detected at 24 h p.t.) and generated plaques similar to those observed with wt CHIKV ( Fig. 3 ; Table 1 ), confirming that these mutations are not directly associated with the noncytotoxic phenotype. Importantly, ICA revealed that the RNA of CHIKV-PG was also highly infectious; moreover, the rescued virus was cytotoxic and formed large plaques (Fig. 3) . Due to the wt-like properties of the corresponding viruses, the FL, GE, PG, and IL mutations were stably maintained in viral progeny (Fig. 3) . Compared to wt CHIKV, the infectivity of CHIKV-5A genomes was reduced approximately 10-fold; addition of the 5A mutation into the genome of CHIKV-PG caused a similar reduction. CHIKV-5A and CHIKV-5A-PG both generated small plaques, and no CPE was detectable at 24 h p.t.; however, at 48 h p.t., CPE was detected for CHIKV-5A-infected cells but not for those infected with CHIKV-5A-PG (Fig. 3) . This finding is consistent with the noncytotoxic growth of the ChikvRep-5A-PG in BHK-21 cells (Fig. 1A) . Sequencing of the mutant genomes revealed that both rescued viruses preserved the introduced mutations.
Compared to that of CHIKV-PG, the infectivity of CHIKV-FL-PG-IL RNAs was reduced 6.5-fold. The rescued virus was highly cytotoxic and formed large plaques (Fig. 3) . Similarly, the infectivity of CHIKV-FL-5A-IL RNAs was reduced approximately 10-fold compared with that of CHIKV-5A. As CHIKV-FL-5A-IL RNAs were nearly 100-fold less infectious than those of wt CHIKV, the appearance of CPE was also delayed. The biggest reduction in infectivity caused by the FL and IL mutations was observed for CHIKV-FL-5A-PG-IL RNAs, which were nearly 250-fold less infectious than CHIKV-5A-PG RNAs (or over 2,000-fold less infectious than wt CHIKV RNAs) ( Fig. 3; Table 1 ). Thus, as in Huh7 cells the FL and IL mutations increased the replication of ChikvRepRluc-5A-PG (Fig. 2B and D) , they may represent cell type-specific adaptations. Hence, in BHK-21 cells (and/or in the context of the full-length CHIKV genome), these mutations reduced the infectivity of CHIKV containing the 5A, PG, and 5A-PG mutations. Interestingly, CHIKV-FL-5A-PG-IL was able to produce CPE, while the more infectious CHIKV-5A-PG was not (Fig.  3) . No reversion of these mutations was observed, even in CHIKV-FL-5A-PG-IL, which exhibited a level of infectivity similar to that of CHIKV-EK. However, unlike CHIKV-EK, the mutant CHIKV-FL-5A-PG-IL cannot easily regain fitness by reversion: changes of more than one nucleotide would be required for the 5A and PG mutations to revert to wt sequences, and reversion of either the FL or IL mutation alone does not result in a sufficient gain of fitness.
The identified mutations do not block nuclear localization of nsP2. Nuclear localization of nsP2 is a prerequisite for the cytotoxic properties of Old World alphavirus replicons (25, 45) . Interestingly, the 5A mutation in CHIKV nsP2 is located in the region corresponding to the hypothetical nuclear localization signal (NLS) of SFV nsP2 (46) . Previous analyses carried out using BHK-21 cells transfected with ChikvRep, ChikvRep-PG, and ChikvRep-5A-PG RNAs failed to determine clearly whether the 5A and/or PG mutations affect the nuclear localization of nsP2. Compared to wt nsP2, more prominent nuclear localization was detected for nsP2-PG, while nsP2-5A-PG was found to be largely, but not completely, excluded from nuclei (34) . The uncertainty around the effects of these mutations on the nuclear localization of nsP2 originates from the fact that the growth kinetics and nsP2 levels observed with ChikvRep differ markedly from those observed with ChikvRep-5A-PG ( Fig. 2A and C) , thereby making comparison difficult.
Due to these limitations, we performed immunofluorescence analyses of cells transiently expressing nsP2 or nsP2-5A-PG. In this experiment, cells transfected with the wt nsP2 expression vector exhibited cytotoxic effects and died rapidly (data not shown); hence, no comparable images were obtained. Thus, the experiment was repeated using cells infected with wt CHIKV or CHIKV-5A-PG. This analysis did not reveal consistent differences between these two viruses; in both cases, nsP2 was detected in both cellular compartments (Fig. 4A) . It should also be noted that for both viruses, cells with nsP2 predominantly located in nucleus and cells with the majority of nsP2 located in the cytoplasm were both detected (Fig. 4A) . Thus, the situation with CHIKV-5A-PG was clearly different from that with the extensively analyzed SFV-RDR virus (46); instead, localization of CHIKV-5A-PG nsP2 resembled that of nsP2 encoded by SFV replicons adapted to form stable cell lines (32) .
To confirm these results, nuclear and cytoplasmic fractions of infected cells were obtained and analyzed. BHK-21 cells were infected with wt CHIKV, CHIKV-PG, CHIKV-5A, or CHIKV-5A-PG at a high MOI; cells were harvested at 4, 8, and 12 h p.i. and fractionated. Western blot analysis of the nuclear and cytoplasmic fractions revealed that CHIKV nsP2 was localized almost equally in the nucleus and in the cytoplasm, similar to the nsP2s of other Old World alphaviruses (47, 48) . Localization was slightly dependent on the time of infection, as the nsP2 nuclear fraction was more abundant at earlier time points (4 h and 8 h p.i.). CHIKV-PG nsP2 behaved similarly, except that nuclear localization was more extensive and remained dominant even at 12 h p.i. These data are consistent with observations made using CHIKV and SFV replicons harboring the same mutation (31, 34) . CHIKV-5A nsP2 was found to be localized in a pattern very similar to that of wt CHIKV nsP2, while CHIKV-5A-PG nsP2 was shown to be localized in a pattern similar to that of CHIKV-PG nsP2 ( Fig. 4B ; Table 1 ). Taken together, these data unequivocally demonstrate that mutations associated with the noncytotoxic phenotype of the CHIKV replicon of ECSA genotype do not prevent the nuclear localization of nsP2. Thus, the lack of cytotoxic effect must originate from another functional defect(s) in mutant nsP2 proteins.
Proteolytic processing of CHIKV nonstructural polyprotein. Alphavirus RNA replication is performed by replicase complexes, whose formation is regulated by nonstructural polyprotein pro-
FIG 4 Analysis of the subcellular localization of nsP2 in BHK-21 cells infected with wt or mutant versions of CHIKV. (A) The localization of nsP2 in infected cells
was analyzed by immunofluorescence microscopy. BHK-21 cells were infected with wt CHIKV or CHIKV-5A-PG at an MOI of 5 PFU/cell. Cells were fixed at 12 h p.i.; nsP2 was then stained with rabbit anti-nsP2 polyclonal antibody. Anti-rabbit Alexa-568-conjugated goat antibody was used as the secondary antibody. Nuclei were stained with DAPI. (B) Detection of nsP2 in nuclear and cytoplasmic fractions. BHK-21 cells were infected with wt CHIKV, CHIKV-PG, CHIKV-5A, or CHIKV-5A-PG. At 4, 8, or 12 h p.i., cells were collected, and nuclear and cytoplasmic fractions were separated. A total of 5% of each fraction was analyzed. Proteins were resolved using SDS-PAGE and detected using a rabbit polyclonal antibody against CHIKV nsP2. A mouse monoclonal antibody against ␣-tubulin was used as an internal control. Dotted lines indicate where separate images were merged. The results of one of two reproducible experiments are shown.
cessing. Thus, mutations that affect nsP2 protease activity also indirectly affect all viral functions for which RNA replication is essential. To our knowledge, the processing of CHIKV nonstructural polyprotein (P1234) has not previously been analyzed in detail; the protease activity of recombinant CHIKV nsP2 has been analyzed using only truncated enzymes and very short peptides corresponding to the protease recognition sites (21) . Thus, to analyze the possible effects of the identified mutations on P1234 processing, it was essential to identify the processing requirements of CHIKV P1234.
Radioactive pulse-chase analysis of CHIKV-infected BHK-21 cells revealed that wt P1234 processing was similar to that of P1234 of SFV. In pulsed samples, the P1234, P123, and P12 polyproteins and mature nsP2 were detected; after a 60-min chase, polyproteins become nearly undetectable. A polyprotein that likely represents P23 was detected in minute quantities. Polyprotein processing was similar in cells infected by mutant viruses (Fig. 5A) . However, it could be expected that even minor defects in processing may have an impact on alphavirus RNA replication. Thus, P1234 processing was also analyzed using an in vitro transcription/translation system. This analysis revealed that wt P1234 processing was similar to, albeit less efficient than, that observed in infected cells, as evidenced by increased stability of the P1234, P12, and P23 polyproteins (Fig. 5B) . Introduction of the 5A mutation clearly reduced processing efficiency, as the ratio of P1234 to mature nsP2 was approximately 3-fold higher than the same ratio for wt P1234; such a difference was observed at all three time points (Fig. 5B) . The PG mutation reduced processing efficiency approximately 5-fold. Importantly, in this case, the processing defect was also more specific; as the amount of released nsP2 was reduced, the amount of P1234 (compared to nsP2) was elevated, and the P23 polyprotein became nearly undetectable (Fig. 5B) . Interestingly, the effect of the 5A and PG mutations was cumulative; when both of these mutations were present, the ratio of P1234 to nsP2 increased (relative to the ratio of wt P1234 to wt nsP2) 30-to 40-fold at all three time points (Table 1) . P23 was nearly undetectable, while P12 levels remained high; this relationship reflected the marked stability of the latter intermediate (Fig. 5B) . Addition of the FL and IL mutations had no effect on this pattern. Thus, the PG mutation delays the cleavage of 3/4 (as evidenced by the stability of P1234) and 1/2 (as evidenced by the stability of P12 and the small quantities of mature nsP2 that were generated) sites. In this system, such effects were increased by the presence of the 5A mutation. In contrast, the processing of the 2/3 site was most likely not affected (as evidenced by the presence of P12, which can be formed only via the processing at the 2/3 site in P1234 or P123) (Fig. 5B) .
Purification of recombinant nsP2 and its mutant variants. The inconsistencies of the effects observed in different processing assays (Fig. 5A and B) suggested that it would be important to validate the obtained data using a well-defined enzymatic reaction. The process of expression and purification of CHIKV nsP2 developed in an earlier study (23) was used to obtain homogeneous preparations of wt nsP2, together with nsP2-5A, nsP2-PG, nsP2-5A-PG, nsP2-EK-PG, and nsP2-GE-PG (Fig. 6A) . The PG mutation clearly reduced the yield of recombinant nsP2; this effect was alleviated to some extent by the addition of the EK, GE, or 5A mutation. As reduced yields often reflect problems with the folding and/or stability of recombinant proteins, the folding of proteins encoded by cytotoxic (wt nsP2) and noncytotoxic (nsP2-5A-PG) replicons was compared using CD spectroscopy. This analysis revealed that folding of these proteins was comparable: both proteins displayed well-folded, largely alpha-helical patterns (49) . No conformational deformity that could indicate aggregation or denaturation was detected for the mutant protein (Fig. 6B ). Proteolytic activities of purified recombinant nsP2 proteins. The design of substrates used in the protease assay (Fig. 7A) was based on previous studies of SFV nsP2 protease activity (8, 9) . wt CHIKV nsP2 efficiently cleaved EGFP-10:5-Trx substrates containing 1/2 and 3/4 sites but was virtually unable to process a similar substrate containing the 2/3 site (Fig. 7B) . In contrast, the EGFP-10:170 substrate was efficiently cleaved (Fig. 7C) . Thus, the processing requirements of CHIKV nsP2 are similar to these previously described for SFV nsP2 (8, 9) .
As expected, none of the mutant enzymes was able to cleave the EGFP-10:5-Trx substrate corresponding to the 2/3 site (Fig. 7B,  middle panel) . Changes observed in the cleavage of substrates representing the 1/2 and 3/4 sites were similar (Table 1) . First, compared to the wt enzyme, nsP2-5A cleaved these substrates slightly less efficiently. Second, all recombinant enzymes containing PG mutations had a severe defect in the processing of these substrates; this effect was somewhat more prominent for the substrate representing the 1/2 site (Fig. 7B) . Third, most likely due to the strong effect of the PG mutation, no clear additive effect between the 5A-and PG mutations was observed (Fig. 7B) . Strikingly, all mutant forms of nsP2 cleaved the EGFP-10:170 substrate nearly as efficiently as wt nsP2 ( Fig. 7C; Table 1 ). Thus, this assay also confirmed that all mutant nsP2s are enzymatically functional proteins that harbor only specific defects originating from the introduced mutations. Small differences in folding, revealed by CD spectroscopy (Fig. 6B) , may therefore reflect specific conformational changes caused by the 5A and PG mutations. Accordingly, functional differences in the wt and mutant proteins observed in subsequent assays also represent direct consequences of the introduced mutations.
GTPase and RNA helicase activities of the recombinant nsP2 proteins. The ability of SINV nsP2 to cause degradation of Rpb1 can be abolished by a point mutation in the NTP-binding site that is critical for the NTPase/RNA helicase/RNA triphosphatase activities of the protein and also by a Pro726-to-Gly or Pro726-toLeu substitution (24) . However, the exact roles of the NTPase/ RNA helicase activities of nsP2 in Rpb1 degradation remain unknown. In addition, the intracellular NTP concentration is among the key determinants of CPE (50) (51) (52) . Thus, we hypothesized that the noncytotoxic properties of nsP2-5A-PG and nsP2-EK-PG might stem from compromised NTPase activity. To examine this hypothesis, GTPase activities of the recombinant nsP2 proteins were measured (Table 1 ). nsP2-5A had a GTPase activity level very similar to that of wt nsP2 (Fig. 8A) . In contrast, the GTPase activity of nsP2-PG was reduced by approximately 40% (P ϭ 0.0015). The GTPase activity of nsP2-EK-PG was similar to that of nsP2-PG. Unexpectedly, introduction of the 5A or GE mutation into nsP2-PG resulted in a 10 to 20% increase in GTPase activity (P ϭ 0.015 for nsP2-5A-PG and P ϭ 0.031 for nsP2-GE-PG).
The activities of many viral NTPases, including that of CHIKV nsP2 (23), can be stimulated by the addition of nucleic acids. Consistent with previous results (23), the GTPase activity of wt nsP2 was slightly stimulated by the addition of a poly(U) 18 RNA oligonucleotide (Fig. 8B) . The same was true for nsP2-5A but not for nsP2-PG, nsP2-5A-PG, or nsP2-GE-PG, all of which failed to demonstrate any increase in GTPase activity ( Fig. 8B; Table 1 ). Thus, the PG mutation likely affected the structure of the MTL domain of nsP2, which is proposed to be responsible for RNA binding, and may have hampered RNA binding and/or the interaction between different domains of nsP2. This hypothesis is indirectly supported by the observation that the introduction of the EK mutation into nsP2-PG restored stimulation of GTPase activity by oligonucleotide (Fig. 8B) . The EK mutation is located in the area of nsP2 that is hypothesized to interact with the MTL domain (23) . A charge reversion from negative to positive can increase nsP2 RNA binding and/or facilitate interaction of the N-terminal domain with RNA bound to the MTL domain. Thus, the PG mutation reduced the basal NTPase activity of nsP2 and completely eliminated its ability to be stimulated by nucleic acids. Nevertheless, these effects are not necessarily directly responsible for the noncytotoxic properties of the corresponding replicons. Thus, the GTPase activities of both nsP2-5A-PG and nsP2-PG cannot be stimulated with RNA oligonucleotide (Fig. 8A ), but the GTPase activity of nsP2-5A-PG (from a noncytotoxic replicon) is significantly greater than the GTPase activity of nsP2-PG (from a cytotoxic replicon) ( Fig. 8B; Table 1 ).
The finding that the GTPase activities of several nsP2 mutants were not stimulated by RNA oligonucleotides (Fig. 8B) suggests that the RNA helicase activities of the corresponding recombinant enzymes may also be compromised. Thus, the RNA helicase activities of recombinant enzymes were analyzed using an RNA helicase substrate containing a 16-bp duplex region (23) . wt nsP2 and nsP2-5A unwound the RNA substrate with similar efficiency, while recombinant proteins containing the PG mutation demonstrated reduced unwinding activity ( Fig. 8C and D; Table 1 ). Though the observed differences did not reach statistical significance, this finding suggests that the PG mutation may be associated with a negative effect on RNA unwinding activity. Importantly, the addition of the 5A or EK mutation to nsP2-PG resulted in an additional decrease in RNA unwinding activity (Fig. 8C and  D) . Although this effect was small, it was nonetheless in the oppo- Reactions and an analysis of the reaction products were carried out in the same way as described for panel B. Dotted lines indicate where separate images were merged. In panels B and C, the results from one of four reproducible experiments are shown. "% of product" indicates the relative amount of detected cleavage product; the amount of product obtained from wt enzyme was set at 100%.
site direction of the effects of these mutations in the GTPase assays, in which either the 5A or EK mutation rescued some of the functional defects of nsP2 caused by the PG mutation ( Fig. 8A and  B ; Table 1 ). Because nsP2-5A-PG and nsP2-EK-PG are the proteins that carry the combinations of mutations that are associated with the noncytotoxic growth of CHIKV replicons (Fig. 1A) , it is tempting to speculate that there may be a direct connection between the RNA helicase activity of nsP2 and the cytotoxicity of replicon vectors.
DISCUSSION
Alphavirus infection in vertebrate cells leads to the rapid development of CPE. CPE due to infection with the Old World alphaviruses can be caused by several factors, including degradation of the Rpb1 protein (24) , translation block (53) , and endoplasmic reticulum (ER) stress (54) . For these viruses, nsP2 is the critical factor involved in both the shutdown of transcription and translation and the disruption of antiviral signaling (25, 26, 35) . Because nsP2 is an obligatory part of the virus replication complex, replicon vectors based on Old World alphaviruses also display cytotoxic properties that hamper the construction of stable cell lines for the production of recombinant proteins (39) or for the screening of antiviral compounds (34) .
The construction and use of BHK-21 cell-based CHIKV replicon cell lines with the cytotoxic properties of CHIKV nsP2 eliminated by the combination of the 5A and PG mutations have been described previously (34) . This combination of mutations in the corresponding regions of nsP2 (around amino acid residue 648 and at residue Pro718) appears to represent a requirement for the noncytotoxic phenotype of replicons for viruses of the SFV serogroup (34, 35) . Moreover, such combinations of mutations also result in significant reductions in RNA replication (Fig. 2) . In contrast, the effects of individual mutations in SFV and WA CHIKV replicons differed from those observed with CHIKV of the ECSA genotype. Thus, substitution of the Pro718 residue of nsP2 is sufficient to reduce cytotoxicity and RNA replication in both SFV and CHIKV of the WA genotype (31, 35) , but in the ECSA genotype virus, such effects were minimal or undetectable (Fig. 1, 2 , and 3; Table 1 ). Similarly, mutations introduced into the putative NLS region of SFV nsP2 or into the corresponding region of CHIKV (WA genotype, KR649AA mutation) blocked the nuclear transport of nsP2; this did not occur with nsP2 of the CHIKV ECSA genotype (Fig. 4B) . Thus, the effects of individual mutations associated with the noncytotoxic phenotype of alphavirus replicons strongly depend on their overall context. Consequently, conclusions based on the analysis of one viral genotype do not necessarily apply to other genotypes of the same virus. Although the Pro718 substitution in the CHIKV WA genotype resulted in reduced cytotoxicity, additional mutations (KR649AA or D711G) were still needed to obtain stable cell lines (35) . Like the 5A and PG mutations, these changes were located in the MTL-like domain of nsP2. In the current study, an additional combination of mutations (EK and PG) resulting in a noncytotoxic replicon was also identified. Interestingly, the EK substitution resides in the N-terminal domain of nsP2, which has not previously been associated with the noncytotoxic phenotype of CHIKV replicons. However, mutations associated with noncytotoxic phenotype of replicon vectors have been found in the N-terminal halves of nsP2 proteins of SINV and SFV (29, 33, 55) . Thus, the combination of EK and PG mutations served as a valuable comparison for previously identified sets of mutations.
The nuclear fraction of nsP2 is responsible for counteracting the interferon response (56) (57) (58) by blocking the Jak-Stat signaling pathway (25, 59) and/or causing the shutdown of transcription of interferon-stimulated genes (26, 31) . However, on its own, localization of nsP2 into the nucleus is not sufficient for these effects (45) . It is also not clear how nsP2 enters the nucleus; none of the predicted NLS sequences in the SINV nsP2 were involved in nuclear localization of the protein (45) . For SFV, disruption of the predicted NLS blocked the nuclear transport of nsP2 only at higher (37°C) and not at lower (28°C) temperatures (31) . Our data showed that the 5A mutation (located in a region corresponding to the SFV NLS region) did not affect the nuclear transport of CHIKV nsP2 (Fig. 4) . Because cells containing ChikvRep-5A-PG were viable, it can be concluded that the nuclear fraction of nsP2-5A-PG was unable to induce the degradation of Rpb1. Whether these mutations affect the ability of the virus to block Jak-Stat signaling and induce or antagonize the interferon response represents topics for future studies.
Other biological effects of mutations associated with the reduced cytotoxicity of alphavirus replicons have been studied using infected or transfected cells. Severely reduced RNA replication and reduced nsP2 levels have been identified as common properties of noncytotoxic replicons of Old World alphaviruses (30) (31) (32) 35) . In transient-expression systems, mutations blocking the NTPase/RNA triphosphatase/RNA helicase activities of nsP2 abolished its ability to induce Rpb1 degradation (24) . However, these findings cannot be verified using replicons (or viruses) because this mutation is lethal for CHIKV (our unpublished data). Strong evidence exists that protease activity is not directly required for nsP2 cytotoxicity (24, 27) . However, mutations that render the replicon noncytotoxic also often affect nonstructural polyprotein processing (30, 32) , which, in turn, likely contributes to observed reductions in replication. Furthermore, the release of nsP2, mediated by its protease activity, is essential for the suppression of antiviral effects (60) . nsP2 has multiple functions, and functional cross talk appears to exist between its different domains. Thus, different functional defects generated by the mutations (or by combinations of mutations) analyzed here could directly and/or indirectly contribute to the noncytotoxic phenotype.
In contrast with previous findings made for SINV, in which PG-type mutations led to hyperprocessivity of P123 (30) , both the 5A and PG mutations slowed processing of the CHIKV nonstructural polyprotein (Fig. 5B) . The ability of nsP2-PG to process the nsP1/nsP2 and nsP3/nsP4 junctions in trans in substrates containing 15 amino acid residues from recognition/cleavage sites was severely compromised (Fig. 7B) . This defect was less prominent in in vitro-translated P1234 (compare Fig. 5B and 7B ), which may indicate that the ability of nsP2 to cleave these sites in cis was affected to a lesser extent (Fig. 5B) . However, we favor an alternative explanation. Pro is a rigid amino acid residue that is known to be associated with the restriction of rotation of the peptide bond (61) . It could be hypothesized that the replacement of Pro718 with Gly causes unfavorable flexibility in nsP2, thereby preventing nsP2-PG from optimally interacting with the 15-amino-acid substrate region. This is one possible explanation for why the defect caused by the PG mutation was most apparent under conditions when processing was based on the recognition of short sequences representing cleavage sites. For SFV, it has been demonstrated that in the context of the full nonstructural polyprotein, the presentation of cleavage sites can override the specificity of the enzyme (10); most likely this is also true for CHIKV. Indeed, processing of the 2/3 site, recognition of which depends almost exclusively on macromolecular assembly-derived mechanisms (9, 10), was not affected by the PG mutation ( Fig. 7C; Table 1 ). It could be hypothesized that multiple interactions between the nsP2-PG and nsP3 macrodomain in the EGFP-10:170 substrate compensated for the increased flexibility in nsP2-PG, allowing proper formation of the protease-substrate complex. The effect of the PG mutation may be further diminished in the cellular environment due to the compartmentalization of nonstructural proteins to virus replication sites, due to interactions between nonstructural polyproteins and replicating viral RNA and/or due to interactions with host components. These hypotheses may be able to explain why processing defects were too small to be observed in infected cells (Fig. 5A) . However, this does not mean that the processing defect caused by the PG mutation has no effect on infectious virus; data from our group (S. Saul et al., unpublished data) and others (62) clearly reveal that small differences in the rate of release of mature nsP2 have major effects on the biological properties of alphaviruses.
The effect of the 5A mutation on the GTPase and RNA helicase activities of nsP2 was minor, whereas the PG mutation caused an approximately 40% reduction in both GTPase and RNA helicase activities ( Fig. 8 ; Table 1 ). In addition, the PG mutation completely abolished the ability of RNA oligonucleotides to stimulate GTPase activity (Fig. 8B) , thus indicating that properties of the RNA-binding site have been compromised. In case of noncytotoxic SINV, SFV, or WA CHIKV mutants, such data could have been interpreted as clear experimental support for a connection between the noncytotoxic phenotype of replicons and the reduced NTPase/RNA helicase activities of nsP2. In the CHIKV ECSA genotype used in this study, the situation is more intriguing: the PG mutation causes multiple, clear defects in the enzymatic activities of nsP2, but its effects in the contexts of replicons and viruses are minor (Table 1) . There are several possible explanations for this inconsistency. First, the defect caused by the PG mutation may be compensated for in infected cells, and the EK or 5A mutation may act by suppressing such compensations. Second, defects caused by the PG mutation alone may not be severe enough, and the role of the second mutation may be to increase the functional defect in nsP2. In this case, the PG and 5A (or EK) mutations should have additive (or cumulative) effects on the crucial activity (or activities) of nsP2. Finally, these possibilities may be combined, and if so, additive effects of mutations on nsP2 activities may be small and difficult to reveal using in vitro reactions.
The cumulative effect of the 5A and PG mutations on nsP2 protease activity was clearly detected using an in vitro transcription/translation system (Fig. 5B) . This may represent one reason for the observed reductions in RNA replication, which was affected by the PG and 5A mutations in a similar manner ( Fig. 2B ; Table 1 ); at the same time, decreased protease activity is unlikely to be the main reason for the noncytotoxic phenotype. No negative cooperative effect of the PG and 5A mutations was observed in the GTPase stimulation assay. Furthermore, introduction of the EK mutation into nsP2-PG rescued the defect caused by the PG mutation. The same effect was revealed for basal GTPase activity, except that in this case, the defect caused by the PG mutation was partly rescued by the 5A mutation (Table 1) . Thus, additional changes obtained in antibiotic selection experiments not only led to reduced cytotoxicity of the replicon but also compensated for some of the defects caused by the PG mutation. Thus, a set of multiple and complex requirements may govern whether replicons with such additional changes survive; this may markedly reduce the number of acceptable additional mutations. Indeed, in antibiotic selection experiments, very similar combinations of mutations are obtained not only in parallel experiments but also for different strains of alphaviruses and different alphaviruses.
Only the RNA helicase activity of nsP2-PG was further reduced by the addition of either the EK or 5A mutation ( Fig. 8C and D) . Though the observed additional decrease was small, it is tempting to speculate that the reduction in the RNA helicase activity of nsP2 could be the primary explanation for the noncytotoxic phenotype of CHIKV replicons. This assumption is indirectly supported by the results obtained for nsP2 of SINV expressed using the Venezuelan equine encephalitis virus replicon system. It was observed that to lose cytotoxic properties, the nsP2-coding sequence accumulated mutations that prevented the translation of the C-terminal third of the protein (27) . This region is dispensable for NTPase activity (22, 63) but is absolutely required for the RNA helicase activity of nsP2 (23) . For SFV, the Ser259-to-Pro mutation in nsP2 is shown to contribute to reduced cytotoxicity of replicon vectors (33) . As this mutation is located close to the NTP-binding site in the RecA-like domain, it may also reduce RNA helicase activity of the protein. Detailed analysis of the effects of such previously identified mutations on enzymatic activities of nsP2 proteins of different alphaviruses would be required to verify these hypotheses.
If the noncytotoxic properties of CHIKV replicons originate from defects in basic enzymatic activities of nsP2, then it is logical to assume that the corresponding replicons should have similar (noncytotoxic) phenotypes in different vertebrate cell lines. However, under puromycin selection, neither ChikvRep-5A-PG nor ChikvRep-EK-PG was able to support stable growth in human cell lines. Additional mutations required for continuous growth of replicon-harboring Huh7 cells were mapped to nsP1 and nsP3. BHK-21 cells are known to be extremely permissive for alphaviruses, with active replication and viral gene expression. In most other cell lines, alphavirus replication/gene expression occurs at considerably (and often much) lower levels. Thus, it is plausible that Pac expression by ChikvRep-5A-PG was sufficient to protect BHK-21 cells from the effects of puromycin but was too inefficient to do the same for Huh7 cells (Fig. 2B and D) or other cells of human origin. The mechanisms behind the increased replication of ChikvRepRluc-FL-5A-PG-IL containing the FL and IL mutations in Huh7 cells (Fig. 2B and D) remain unclear. Leu at amino acid residue 391 of nsP1 has been found previously in several natural CHIKV isolates from the Indian Ocean outbreak (e.g., GenBank accession numbers FJ959103, FJ000067, HM045812, and HM045815) but has not been associated with increased viral fitness; the Ile175-to-Leu mutation in CHIKV nsP3 has not been previously reported. However, it could be hypothesized that these mutations may act by stabilizing viral replication complexes. Both of these changes are located in the presumably unstructured regions between the predicted domains of nsP1 and nsP3, and these regions may play a role in stabilizing the replication complexes. Because the FL and IL mutations increased the level of replication and gene expression in Huh7 cells but dampened the infectivity of the corresponding RNAs in BHK-21 cells (Table 1) , we propose that these changes may have altered interactions of the viral replicase with host components.
In conclusion, this study presents the first evidence that mutations resulting in the noncytotoxic phenotype of the CHIKV replicon also affect multiple enzymatic activities of nsP2. These data increase our understanding of mechanisms that are essential for noncytotoxic replication. Our results may also be clinically relevant, as CHIKV is known to cause chronic infection and to persist in infected macrophages (64) (65) (66) . Human cell lines harboring persistently replicating CHIKV replicons represent promising tools for the search for cellular factors involved in CHIKV replication, as well as for inhibitors acting via such host factors.
